Two-dimensional TLC analysis of 32P-labeled nucleotides extracted from the yeast Saccharomyces cerevisiae reveals that two highly phosphorylated nucleotides are synthesized during sporulation. These nucleotides have been identified as adenosine 5'-tetraphosphate (ppppA) and adenosine 5' pentaphosphate (pppppA). The synthesis of ppppA and pppppA commences late in sporulation and follows formation of ascospores. The maximum concentration of ppppA and pppppA in sporulating yeast cultures was 2% and 1.5%, respectively, that of ATP. Adenosine 5'-tetraphosphate and 5'-pentaphosphate are unique to this stage of yeast development and are absent in vegetative yeast cells. Since these nucleotides are also absent in asporogenous a/a and a/a cells, it is reasonable to propose that they are signal nucleotides marking one of the stages ofyeast development-i.e., ascospore formation.
Upon nutrient deprivation, many bacilli and fungi undergo a series of complex biochemical, genetic, and morphological changes that lead ultimately to the formation of spores. Sporulation of the yeast Saccharomyces cerevisiae provides a relatively simple model system for the study of eukaryotic cell differentiation. Many studies have defined some biochemical, genetic, and morphological events during sporulation of S. cerevisiae (1) . Profound changes in gene expression during sporulation have been observed (2) (3) (4) (5) (6) . However, the molecular details of mechanisms responsible for these effects are still obscure. Conceivably, the molecular mechanisms underlying yeast sporulation may involve some yet unidentified low molecular weight nucleotides as effectors. Cyclic AMP and ppGpp have already become textbook examples of low molecular weight compounds involved in transcriptional regulation of gene expression in bacteria (e.g., see refs. 7 and 8), but analogous mechanisms are unknown in eukaryotes (9) . Diadenosine tetraphosphate (AppppA), a ubiquitous dinucleotide (10, 11) whose concentration in mammalian cells bears a positive relationship to DNA synthesis and mitosis, has been proposed to be a pleiotropic effector or signal nucleotide (12) .
The work reported in this paper was motivated by a search for AppppA and related compounds in yeast cultures at various times during the course of sporulation. Formic acid extracts of [32P] phosphate-labeled yeast cultures were analyzed by two-dimensional TLC on PEI-cellulose plates. No AppppA was detected in yeast during the course of sporulation. Instead, two sporulation-specific 32P-labeled nucleotides, identified as adenosine 5'-tetraphosphate (ppppA) and adenosine 5'-pentaphosphate (pppppA) and appearing late in sporulation, were detected. (14) for separation of nucleotides with high negative charge. Usually two to four standard nucleotides, applied as 1-2 ul of 10 mM solution on the plate, were chromatographed with the 32P-labeled samples. The standards were located under UV light. 32P-labeled compounds were visualized by autoradiography at -80'C using Kodak XAR-5 film and cassettes with intensifying screens. For quantitation purposes, the 32p spots were cut out from the chromatogram, placed in a toluene-based scintillation fluid, and counted in a scintillation counter.
MATERIALS AND METHODS
Enzymatic Synthesis of ppppA and pppppA. Inorganic tripolyphosphate and tetrapolyphosphate were adenylylated in reactions catalyzed by aminoacyl-tRNA synthetases. ppppA has been synthesized in an analogous reaction catalyzed by lysyl-tRNA synthetase (15) 30°C as determined by disappearance of ATP in aliquots (2,ul) of the reaction mixture taken at time intervals and chromatographed on PEI-cellulose (Merck) with 0.85 M LiCl as solvent. Only two products in roughly equimolar quantities were formed in each reaction: ADP and either ppppA or pppppA. After all ATP was used up, the reaction mixtures were heated for 2 min at 100°C to precipitate protein, clarified by centrifugation, and stored at -20°C.
Purification of Sporulation-Specific 32P-Labeled Nucleotides. A 5-ml culture of S. cerevisiae strain AP3 a/a was grown, labeled with [32P]phosphate, and sporulated as described above. After 40-48 hr in sporulation medium, the culture was centrifuged at room temperature for 5 min at 4000 rpm, and the supernatant was collected and transferred on ice. About 150 mg of acid-washed charcoal (Sigma) was added, and after 1 hr at 0°C the mixture was centrifuged and the supernatant was discarded. The charcoal was washed three times with 0.25 M HCOOH, once with water, and the adsorbed nucleotides were eluted with four portions of 1% ammonia in 50% ethanol (0.4 ml each). The eluates were combined, lyophilized, and dissolved in 100 /dl of H20. Fifty microliters of the preparation was applied on PEI-cellulose (Machery & Nagel) plate, and the plate was developed in the first dimension with 1.2 M LiCl and in the second dimension with 3 M (NH4)2SO4/2% disodium EDTA. After location of the relevant compounds by autoradiography, the corresponding areas were scraped from the chromatogram. Each phosphorylated nucleotide was eluted with two 0.15-ml portions of 0.25 M NH4HCO3 for 1 hr at 0C. The PEI-cellulose was pelleted in an Eppendorf centrifuge for 5 min at 40C. The two eluates were combined and used for analyses.
RESULTS
Sporulating Yeast Cells Synthesize Two Highly Phosphorylated Compounds. Diploid yeast strain AP3 a/a was sporulated in supplemented sporulation medium containing 32P,.
First asci appeared at 15 hr; at 30 hr, 60% of cells sporulated, and the maximum 65% of sporulated cells were observed from 42 hr on. Within the first hour, 95% of 32P, was taken up by yeast cells, and after a few hours, the 32P, content in the medium began to increase, reaching -50% of the original input at 42 hr. Two nonsporulating diploid strains, AP3 a/a and AP3 a/a, were grown and transferred to nitrogen-deficient sporulation medium in an identical manner.
After 42 hr in the supplemented sporulation medium containing 32Pi, the 32P-labeled nucleotides were extracted from the three yeast strains and resolved by two-dimensional TLC on PEI-cellulose plates. Autoradiograms exposed from two of these chromatograms are presented in Fig. 1 . Two new 32p spots appeared in the AP3 a/a strain (spots 1 and 2 in Fig.  1A ) but not in asporogenous AP3 a/a (Fig. 1B) and AP3 a/a strains (not shown). One of these spots comigrated with authentic ppppA (spot 1) and the other comigrated with pppppA (spot 2). Usually, the two-dimensional resolution of the 32P-labeled nucleotides from formic acid extracts prepared from yeast maintained in sporulation medium was rather poor because of overloading of the plates, which was required for the detection of the new spots. However, this problem was overcome by the observation that the 32p_ labeled nucleotides are excreted by yeast cells maintained in sporulation medium. 32P-labeled nucleotides present in cellfree medium prepared from AP3 a/a, a/a, and a/a cultures were resolved by two-dimensional TLC on PEI-cellulose plates. Fig. 2A shows a schematic diagram of the resolution. standards, respectively. No other significant differences in nucleotide pools in sporulating and nonsporulating yeast were seen on the autoradiograms.
As can be seen from the autoradiograms presented in Figs.  1 (11), which is -0.02% of the ATP content (19) . The maximal increase, if there is any, in AppppA concentration in sporulating yeast could not be more than by a factor of 5 over its concentration in vegetative yeast cells, which would be much less dramatic than changes in AppppA content in rapidly proliferating mammalian cells (12) .
Characterization of the Two New Compounds Synthesized by Sporulating Yeast. Each of the two new compounds was purified from cell-free medium of sporulating AP3 a/a cells by charcoal adsorption and elution followed by two-dimensional TLC on PEI-cellulose as described in Materials and Methods. From the method of purification, it follows that the two 32P-labeled compounds are nucleotides, since they are adsorbed on charcoal. As already mentioned in the previous section, one of the 32p spots (spot 1) comigrated with authentic ppppA and the other (spot 2) comigrated with authentic pppppA standards. It should be emphasized that the nucleotide patterns on two-dimensional PEI-cellulose plates do vary somewhat from one run to the other, but in all runs the standards comigrated exactly with the two new 32p spots.
To further prove their identities, the two purified 32p spots were subjected to several other tests. Fig. 3 (21, 22) .
Commercial ATP from yeast was also found to contain 8% ppppA and 1% pppppA (23). In addition, ppppA has been reported in horse muscle (20) , rabbit muscle (24) , in rat liver slices incubated with [14C]adenine (15) , and in isolated rat liver mitochondria incubated with 32p; (25) . ppppA has been reported to constitute 0.035% of the adenosine mononucleotide content of rabbit muscle (24) . As (24) . As demonstrated in this work, pppppA can also be synthesized in vitro from tetrapolyphosphate and ATP in a back-reaction ofaminoacyltRNA synthetases. Tri-and tetrapolyphosphates are the most abundant (26) ofthe polyphosphates accumulated in vacuoles of yeast (27) . Their concentration approaches and even exceeds the concentration of ATP during growth (26) . However, during the growth of yeast cells in low-phosphate medium, the polyphosphates do not accumulate (13, 18 
